In vivo electroporation (EP) is an efficient method for effective gene transfer and is highly expected for application in anticancer gene therapy. Non-invasive monitoring of gene transfer/expression is critical for optimal gene therapy. Here we report in vivo optical and high-field magnetic resonance imaging (MRI) of EP-mediated transgene expression in a tumor model. Initially, we observed spatio-temporal change in in vivo EP-mediated transgene expression by optical imaging using red fluorescence protein (RFP) as a reporter gene. Next, we constructed a dual-reporter plasmid carrying a gene-encoding MRI reporter ferritin heavy chain and RFP gene to visualize the intratumoral transgene expression by dual modality. Cells transfected with this plasmid showed lower signal intensity on in vitro T 2 -weighted cellular MRI and quantitatively increased the transverse relaxation rate (1/T 2 ) compared with control cells. After conducting in vivo EP in an experimental tumor, the plasmidinjected region showed both fluorescent emissions in optical imaging and detectably lowered signal on T 2 -weighted MRI. The correlative immunohistological findings confirmed that both the reporter transgenes were co-expressed in this region. Thus, our strategy provides a platform for evaluating EP-mediated cancer gene therapy easily and safely without administering contrast agent or substrate.
Introduction
Gene therapy is a novel treatment approach still under development, with several trials to cure diseases, such as monogenetic disorder and malignant disease having been carried out. 1, 2 There are various methods for gene delivery and, currently in vivo gene transfer is on the basis of two ways: viral delivery and non-viral delivery. The former, generally, is a relatively efficient means of introducing a therapeutic gene to target cells. However, the method has some disadvantages, as there exists the potential for immunogenicity, random insertion and its mutagenesis in the genome, uncontrollable chronic expression of the gene, risk of systemic spread, and the fact that the quality control of viral particles for in vivo administration is a laborious and expensive protocol. 3 In contrast, non-viral gene delivery is believed to be safer than viral delivery, and it has been shown that efficient and long-term expression could be expected. 4, 5 In vivo electroporation (EP) is a method that has emerged to facilitate gene delivery of naked plasmid DNA in vivo. 6 It has been used in the laboratory for gene delivery to cells in vitro or in vivo, and is recently receiving much attention in cancer gene therapy as a clinically applicable method for enhancing gene delivery, based on it being carried out safely and easily with low cost. [7] [8] [9] In this method, plasmid DNA is injected into target tissue after which a series of electric pulses that induce temporary and reversible breakdown of cell membrane and pore formation is conducted to augment DNA transport into the cells. It has been applied to not only accessible surface tissue but also to deep tissues.
Since the first application of the in vivo delivery of chemotherapeutic agents to solid tumor, study of the delivery of plasmid DNA to cancer by EP has grown tremendously. Many earlier studies have shown that intratumoral gene delivery by in vivo EP strongly inhibits tumor growth and generates systemic immunity against tumor in experimental models. [11] [12] [13] [14] [15] Furthermore, a clinical trial for melanoma treatment using in vivo EP has been started. 6 Like other gene delivery methods, non-invasive monitoring of in vivo EP-mediated transgene expression of the introduced gene is a critical issue for optimizing the protocol and ensuring efficacy of the treatment. However, non-invasive methods of monitoring EP-mediated transgene expression in vivo are not yet well established.
An in vivo molecular imaging technique with reporter gene has been used for the non-invasive detection of gene expression, providing information regarding the location and duration of therapeutic gene expression and even quantification of the expression level. 16, 17 Reporter gene imaging for different imaging modalities, such as optical, magnetic resonance imaging (MRI) and positron emission tomography have been developed, and the techniques and protocols are being refined rapidly. It has been suggested that in vivo reporter gene imaging would be effective for the non-invasive monitoring of gene expression in gene therapy. [18] [19] [20] [21] The aim of this work was to develop a simple, reliable and safe method to visualize transgene expression in tumors mediated by in vivo EP in preclinical tumor models for the design of more rational gene therapy. Here, we report in vivo optical imaging and 7-T MRI of intratumoral transgene expression mediated by in vivo EP, using the corresponding reporter genes red fluorescence protein (RFP) and ferritin heavy chain (FHC), respectively.
Results and discussion
In vivo optical imaging of transgene expression in tumor mediated by in vivo electroporation
We initially sought to determine whether in vivo EP enhanced gene delivery into experimental tumors. For this purpose, we constructed pRFP, a plasmid DNA encoding a red fluorescence protein (RFP), DsRedExpress, transcribed by a composite promoter that combines the cytomegalovirus (CMV) immediate early enhancer and a modified chicken b-actin (CAG) promoter. 22 CAG promoter is more efficient than the classical CMV promoter that is often silenced during the establishment of cell lines that stably express the desired transgene. 23 We used plate-and-fork-type electrodes for in vivo EP based on the fact that this type was reported to be more effective for gene transfer than needle-type and plate-and-plate-type electrodes. 24, 25 We injected a naked form of the plasmid DNA directly into 293T subcutaneous tumors in nude mice and then conducted EP in a tumor on the right, but not on the left side. In vivo optical imaging showed that the efficiency of plasmid delivery into the tumor was clearly different. In the tumor subjected to in vivo EP, RFP expression was easily detected, whereas fluorescence emission was nearly absent in the tumor subjected to plasmid injection only (Figure 1a ), suggesting that in vivo EP enhances gene delivery in vivo. We then investigated the temporal change in the level of gene expression mediated by in vivo EP in the tumor models using serial optical imaging. In vivo EP-mediated DsRed RFP expression was visualized even on day 1 (Figure 1b) , gradually increased up to its maximal level on about day 6 and decreased thereafter. More longitudinal monitoring of DsRed RFP expression showed that localized gene expression could be observed for over 2 weeks (Figure 1c) . In some cases, it was detectable for even longer than 3 weeks (data not shown). Quantified fluorescent intensities are shown in bar graphs in Figures 1b and c . This kinetic pattern of expression was similar to that observed by PedronMazoyer et al. 26 when they carried out intradermal EP of 50 mg of DsRed plasmid. Bloquel et al. 27 also reported similar kinetics of transgene expression when they injected 60 mg of a plasmid encoding luciferase in the mouse knee joint. In ex vivo tumors of killed mice, RFP expression was noted at the plasmid injection site, and RFP-expressing cells scattered in a heterogeneous pattern were clearly evident on confocal fluorescence microscopy of tumor cryosections (Figure 1d ). The percentage of cells expressing RFP was estimated to be B9% in the area where the plasmid DNA was electroporated most efficiently. Taken together, these data confirm that localized trangene expression in tumor is achievable for 2-3 weeks by in vivo EP, 28 and provide the basis for a better understanding of the kinetics of transgene expression mediated by in vivo EP.
A plasmid DNA construct for dual-modality imaging and alterations in cellular iron metabolism by expression of FHC gene
We next sought to visualize the reporter transgene expression mediated by in vivo EP by MRI because of its compatibility with clinical use, applicability to repeated use without radiation risk and high spatial resolution without depth limitation. 16 Recently, ferritin or FHC gene has been suggested to be a reliable reporter transgene for MRI with a marked effect on solvent MR relaxation rates. [29] [30] [31] FHC is an intracellular iron-binding protein that has various biological functions in cells. 32 Overexpression of FHC reporter gene in cells causes T 2 (transverse relaxation time) change in its expression site without the exogenous administration of contrast agents. It has been assumed that this is on the basis of the redistribution of intracellular iron and that FHC reporter activation transiently lowers the labile iron pool in cells and augments iron uptake, probably through transferrin receptor (TfR) upregulation to compensate for iron deficiency. We chose the FHC gene as MR reporter gene because of its favorable reproducibility and lesser toxicity than other reporters, and because contrast agents would not be needed. [29] [30] [31] 33 We also chose the use of in vivo optical imaging to easily evaluate gene delivery and determine the location of transgene expression in tumors. Therefore, we constructed pFHC-RFP, a bicistronic mammalian expression vector carrying human FHC cDNA and a gene encoding DsRed-Express placed downstream of an internal ribosome entry site (IRES) of the encephalomyocarditis virus (Figure 2a ). The IRES sequence allowed the coordinated expression of two reporter genes transcribed by a single CAG promoter, enabling us to check the FHC reporter expression in cells by red fluorescence. As control vector, we created pX-RFP, in which IRES linked-DsRed Express gene was conserved but FHC gene was inserted in reverse direction. The 293T cells were transfected with pFHC-RFP or pX-RFP using lipofection. Under fluorescence microscopy, both transfected cells emitted detectable red fluorescence, whereas no fluorescence was observed in the cells without transfection (Figure 2a ). Western blot analysis showed that a low level of endogenous FHC protein was expressed in 293T cells and that FHC reporter protein was robustly translated in cells with pFHC-RFP, but hardly with pX-RFP ( Figure 2a) . We investigated the temporal change in RFP expression in pFHC-RFPtransfected cells (Figure 2b ). RFP expression was first visualized at 12-24 h, gradually increased up to its maximal level at 96 h after transfection and decreased
In vivo imaging of EP-mediated transgene expression W Aung et al In vivo imaging of EP-mediated transgene expression W Aung et al thereafter. The time course of FHC and RFP expression was examined in the pFHC-RFP-transfected cells using antibodies specific for each protein (Figure 2c ). FHC expression appeared at 12 h, peaked at 72 h after transfection and slowly decreased. However, even 7 days (168 h) after transfection, FHC was still clearly detected. Consistent with the fluorescence microscopic images, RFP expression was first detected at 24 h and reached its maximum level at 96 h after transfection. Similar to FHC expression, RFP expression was also detectable at 7 days after transfection. It seemed that RFP was translated less efficiently than FHC, presumably because the expression of gene located downstream of IRES is often less efficient than that of its upstream gene. 34 Nevertheless, the RFP expression closely reflected the FHC expression, convincing us that monitoring the FHC expression would be sufficient. It has been reported that FHC overexpression induces TfR in the kidney of drug-inducible FHC transgenic mice. 35 We therefore evaluated TfR expression in cells with FHC reporter by western blotting. Consistent with the earlier result, TfR protein was increased in the cells with transient activation of FHC reporter compared with control cells (Figure 2d ), suggesting that FHC reporter induces TfR upregulation. We then sought to determine whether FHC expression and its consequent upregulation of TfR altered the rate of iron influx in cells. It was found that iron uptake in cells with FHC reporter was increased by about 20% compared with reporter negative cells (Figure 2e ). Taken together, these results suggest that our dual-reporter vector was functionally verified, and that activation of FHC reporter enhances iron uptake through TfR upregulation in cells.
Visualization of FHC reporter transgene expression by in vitro MRI
We conducted MRI of cell pellets to investigate the effects of FHC on the MR signal. Cells were transfected with (Figure 3a) . Quantitative analysis showed that the transverse relaxation rate (1/T 2 ) of the cells transfected with pFHC-RFP was significantly higher than that of control cells (Figure 3b ), confirming that FHC expression shortens T 2 as we predicted.
In vivo optical imaging and MRI of electroporationmediated transgene expression in tumor
To visualize the reporter transgene expression in vivo by optical imaging and MRI, we used 293T xenograft models and introduced naked pFHC-RFP or pRFP by in vivo EP. We carried out in vivo optical imaging and fluorescence stereoscopic microscopy before MRI. The information obtained from optical imaging ensured successful gene delivery and was helpful for the timing of MRI, enabling us to monitor the gene expression of FHC. Although RFP was expected to be less translated compared with FHC as mentioned above, we could readily detect RFP expression in tumor transfected with pFHC-RFP by both instrumentations (Figure 4a) , and it was beneficial for choosing the MRI slices that covered the appropriate region where both reporters were expressed. In T 2 -weighted MRI at 7 days after EP, tumors subjected to pRFP showed relatively homogeneous intensity, whereas tumors subjected to pFHC-RFP showed spotty but detectable hypo-intensity areas in the MRI slices (Figure 4b) , showing that the ferritin MRI reporter system functions not only in a drug-inducible reporter system or highly efficient viral delivery system, but also in gene delivery with a relatively low transfection efficiency, such as in vivo EP. To validate the MRI results, the tumor was excised and carefully sectioned to obtain almost the same plane as seen on the MR image. RFP expression in the cross-section was observed correspondingly in the area showing low intensity in T 2 WI (Figure 4c ), suggesting that the T 2 change is attributable to the FHC reporter expression. For comparison of T 2 -shortened areas in the tumors between RFPtumor and FHC-tumor, we calculated mean T 2 in control RFP-tumors (57.6±3.0 ms, see Materials and methods) and counted the number of pixels having a relaxation time below 51.6 ms (lower limit of two s.d. of mean T 2 ) in RFP-tumors and FHC tumors. This showed that the percentage of pixels showing T 2 shortening in FHC tumors was significantly increased compared with that in RFP-tumors (Figure 4d ). These findings were consistent with the results of in vitro cellular MRI and strongly supported the notion that the hypo-intensity observed in in vivo T 2 -weighted MRI resulted from FHC reporter expression.
Expression of both reporter proteins in FHC-transfected tumors
After ex vivo tumors were carefully sectioned to obtain a plane corresponding to an MRI-oriented image, we conducted fluorescence microscopic analysis and immunohistochemistry using antibodies specific for ferritin protein. RFP expression was clearly detected, with little or weak staining of ferritin being observed in RFP-tumor. In contrast, cells strongly stained by the antibody were observed in FHC-tumor, and they were well correlated with RFP-positive cells (Figure 5 ), confirming the correlation between RFP and FHC reporter expression.
In conclusion, we showed the dual modality of in vivo optical imaging and MRI of EP-mediated reporter transgene expression in experimental tumors. The method allowed us to visualize gene expression in samples with a broad scale from macroscopic to microscopic levels by using even a kind of plasmid vector. It is superior to other methods in respect to not needing to administer contrast agents and substrates, repetitive use capability and imaging at high spatial resolution. Our MRI detection using FHC reporter would be a clinically appropriate method for evaluating gene therapy mediated by in vivo EP even in cases of repeated protocol. Given that optical imaging and MRI are complementary in terms of high temporal resolution and sensitivity of the former and high spatial resolution of the latter, and that fluorescence imaging is evolving toward clinical application, 36 their combination may provide a new opportunity for evaluation of in vivo gene delivery to various tissues ranging widely from body surface to deep tissues in future clinical scenarios. In the gene therapy setting, if one connects the reporter genes to a therapeutic gene, the location, magnitude and duration of therapeutic gene co-expression with the reporter genes can be monitored non-invasively. Cancer gene therapy using in vivo EP has shown to be effective In vivo imaging of EP-mediated transgene expression W Aung et al in preclinical animal models, giving support to our approach. Although improvements to resolve the limitations of each modality are still needed, the 'proof-ofconcept' approach we show in this report would be beneficial to the design of more efficient in vivo EPmediated cancer gene therapy. In vivo imaging of EP-mediated transgene expression W Aung et al
Materials and methods

Cell lines
Human embryonic kidney 293T cells were cultured in DMEM (Sigma-Aldrich, St Louis, MO, USA) with 10% fetal bovine serum, 100 U ml -1 of penicillin and 100 mg ml -1 of streptomycin.
Plasmid pRFP was constructed by insertion of DsRed-Express cDNA excised from pDsRed-Express (Clontech, Mountain View, CA, USA) into pCAGGS (kindly provided by Oriental Yeast Corp., Tokyo, Japan). For pFHC-RFP or pX-RFP, human FHC cDNA was cloned into a multiple cloning site of pIRES2-DsRed-Express (Clontech) at correct or reverse direction, respectively, and the resultant DNA fragment containing IRES and DsRed-Express was excised and ligated to pCAGGS.
Lipofection
The 293T cells were transfected with the vectors described above by Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer's instructions.
Western blotting
The procedures to detect FHC and RFP were described earlier. 32 In brief, cell lysates were separated on a 12.5% polyacrylamide gel and transferred to Immobilon-P membrane (MILLIPORE, Billerica, MA, USA). We used rabbit anti-human FHC antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit anti-DsRed antibody (Clontech) as a primary antibody for detection of FHC or RFP, respectively. In both cases, anti-rabbit IgG conjugated with horseradish peroxidase (GE Healthcare UK Ltd., Little Chalfont, UK) was used as a secondary antibody. For detection of TfR, total cell lysates were separated on a 7.5% polyacrylamide gel and transferred to Immobilon-P membrane. The blot was blocked by TBS BLOTTO A (Santa Cruz) at room temperature (RT) for 2 h and incubated with primary antibody at RT for 2 h. As a primary antibody, mouse anti-human TfR antibody (ZYMED, South San Francisco, CA, USA) was used at a concentration of 1 mg ml -1 . The membrane was washed three times with Tris-buffered saline containing 0.05% Tween 20, and incubated with an anti-mouse IgG conjugated with horseradish peroxidase (GE Healthcare). The blots were developed with ECL plus western blotting detection system (GE Healthcare). Images were obtained by Chemi-Smart 5000 (Vilber Lourmat, Marnela-Vallée, France).
Fe uptake assay
The 293T cells were transfected with 1.6 mg of plasmid DNAs in a 12-well dish. One day after the transfection, 59 FeCl 3 (Perkin Elmer, Boston, MA, USA) was added to the wells and incubated for 24 h. Cells were washed three times in phosphate-buffererd saline and radioactivity was measured by gamma counter (ALOKA, Tokyo, Japan). The counts were normalized by cell number.
Animal tumor model
The tumor xenograft model was developed by subcutaneous injection of 1 Â 10 7 of 293T cells in 200 ml of Hanks' balanced salt solution (Invitrogen) in the lower back of nude mice (8-10-week-old female BALB/cA Jcl-nu/nu mice; CLEA, Tokyo, Japan). Tumor-bearing mice were subjected to in vivo EP when the tumor had reached an appropriate volume, mostly 75-150 mm 3 (usually 2 or 3 weeks after implantation). All animal model experiments were carried out in accordance with the guidelines for animal experimentation of the National Institute of Radiological Sciences.
In vivo electroporation
In vivo EP was carried out when tumors reached diameters of more than 5 mm. For all in vivo EP, we used a plate-and-fork-type electrode CUY663-5X8 (NEPA GENE, Ichikawa, Japan) and CUY21SC electoroporator (NEPA GENE) with constant electrical parameters. Detailed analysis of in vivo EP was described by Takei et al. 25 After anesthetizing the mouse, the fork-arm of the electrode was inserted into the undersurface of the tumor, the tumor was pinched by both arms and electrical resistance was measured and adjusted to below 1 KO, ideally 0.8-0.5 KO. Then, the plasmid DNA in phosphate-buffererd saline (80 mg/40 ml) was injected directly into the tumor by a 30-gauge needle, and EP was immediately carried out. Five electrical pulses were delivered with pulse length of 50 ms and 50 V field strength. In the second cycle, another five pulses with opposite polarity were administered. To reduce the electrical resistance of skin, the plate-arm surface was covered with an electrocardiogram pad.
In vivo optical imaging
Fluorescence light emission from tumors was monitored by IVIS lumina optical imaging system (Xenogen Corp., Alameda, CA, USA). Mice bearing xenograft tumors In vivo imaging of EP-mediated transgene expression W Aung et al were anesthetized by inhalation of 2.5% isoflurane and placed in a light-tight chamber. We selected the filter set for DsRed (excitation: 500-550 nm, emission: 575-650 nm, blue-shifted background excitation: 460-490 nm) and set the constant imaging parameters (exposure time: 2 s, binning: medium, lens aperture (f/ stop): 2, field of view: 12.5 cm, floor lamp level: high). To obtain the autofluorescent-corrected image, the background filter image was subtracted from the primary excitation filter image using the Image Math tool and appropriate scale factor, according to the Living Image software version 2.6 (Xenogen Corp.) manual. The fluorescent area in the tumor, the region of interest, was encircled by hand, and the emission of light was quantified as photons per second. Then, the fluorescent area of in vivo tumor was re-confirmed by fluorescence stereoscopic microscope MZ16F (Leica Microsystem, Wetzlar, Germany).
Ex vivo optical imaging
Mice were killed and tumors were excised and stripped skin out. Optical images of ex vivo tumors were acquired using the IVIS imaging system with the same settings as described above in in vivo optical imaging, and also by fluorescence stereoscopic microscope MZ16F.
Fluorescence microscopy
Fluorescence from transfected cells or frozen sections of tumors was observed by Olympus FV1000 confocal laser microscopy system (Olympus, Tokyo, Japan), using a 543-nm excitation line and high-performance sputtered filter for DsRed or Olympus BX50 fluorescence microscope.
In vitro MRI measurement
The 293T cells were transfected with 8 mg of plasmid DNAs in a 60-mm dish. Cell medium was removed the next day, and 200 mM of ferric ammonium citrate in the standard medium was added every 24 h. After 72-h incubation with the iron supplementation, cells were washed, harvested, transferred to a 96-well PCR plate (INA OPTIKA, Osaka, Japan) and centrifuged. The 96-well PCR plate was cut to 6 Â 6 matrix tubes and set on a cradle (made in-house) for stable and homogeneous MRI measurement. Proton MRI was carried out in a 7.0-T, 40-cm bore magnet (Jastec and Kobelco, Kobe, Japan) with 11.6-cm inner-diameter field gradient system (BGA-12, Bruker Biospin, Ettlingen, Germany) interfaced to a Bruker Avance console (Bruker). A 70-mm-diameter birdcage radio frequency coil (Bruker) for both transmitting and receiving was used. Multi-echo images were acquired 2 h after cell preparation using a spin-echo pulse sequence with pulse repetition time (TR) ¼ 4000 ms, number of echoes ¼ 16 (15-240, 15 ms increment), matrix ¼ 128 Â 128, FOV ¼ 40 Â 40 mm, slice thickness ¼ 1 mm and in-plane resolution ¼ 312.5 mm. We regarded the multi-echo images obtained by TE ¼ 50-80 ms as T 2 -weighted images. Slice orientation was horizontal, and it was adjusted to the cell pellets in the PCR tubes. Sample temperature was maintained at room temperature (B23 1C). Quantitative T 2 maps were calculated by a non-linear least-squares fitting using MRvision software (MRVision Co., Winchester, MA, USA) on Linux PC (Red Hat Linux, Mountain View, CA, USA). Region of interests were defined as precipitated cell regions. Mean ± s.d. of three independent samplings was used for statistical analysis.
In vivo MRI measurement
Mice bearing xenograft tumors were subjected to in vivo EP with pFHC-RFP or pRFP; gene expression was confirmed by optical imaging at 7 days after EP, and then MRI was conducted. The mice were anesthetized with 2.0% isoflurane, placed in a left or right lateral position and anesthesia was maintained at this level. During the experiment, a flow of warm air over the animal maintained body temperature at B37.0 1C. Respiratory rate, monitored throughout the experiment, was maintained at 20-40 breaths per minute. In vivo MRI was acquired using the same 7.0-T magnet and field gradient system. The 70-mm-diameter birdcage radio frequency coil (Bruker) for transmitting and a saddleshaped 2-channel phased array receiving surface coil (Rapid Biomedical, Rimper, Germany) were used. Multiecho images were acquired using a spin-echo pulse sequence with TR ¼ 3000 ms, number of echoes ¼ 12 (10-120, 10 ms increments), matrix 256 Â 256, FOV ¼ 32 Â 32 mm, slice thickness ¼ 1 mm, in-plane resolution ¼ 125 mm and slice gap ¼ 1.2-1.8 mm. Slice orientation was transverse, and was localized in the tumor. Two adjacent transverse slices covering the area of RFP expression seen on the in vivo optical image were selected for generating quantitative T 2 maps. For tissue analysis on the T 2 maps, mean and s.d. of T 2 in the tumor was calculated out from all slices of RFP-transfected tumors. Then, the 'T 2 -shortened area' was defined as pixels that were below the threshold level as À2 s.d. of the mean T 2 . Percentages of the 'T 2 -shortened area' of the entire tumor area in the plane were calculated and compared between the RFP-transfected and FHC-transfected tumor.
Immunohistochemistry
Tumors subjected to EP were excised after MRI and the orientation of the transfected areas was re-checked with the aid of fluorescence stereoscopic microscopy. The tumor specimens were embedded in OCT compound and sectioned in the same direction as MRI into 7-mm thick slices. Cryosections were fixed in 4% paraformaldehyde phosphate buffer solution (Wako, Osaka, Japan). Immunohistochemistry was done using the Vector M.O.M peroxidase immunodetection kit and ImmPACT DAB substrate (Vector Laboratories, Burlingame, CA, USA) in accordance with the manufacturer's instructions. We used a mouse monoclonal antibody against human ferritin (0.5 mg ml -1 , BMA Biomedicals, Augst, Switzerland) as primary antibody.
Statistical analysis
Significance of differences was determined by Student's t-test. P-values o0.05 were considered significant.
